We evaluated the magnetization of 21 cosmetic contact lens samples that included various coloring materials with a superconducting quantum interference device with regard to magnetic resonance (MR) safety. We found 7 samples were ferromagnetic; two had both ferromagnetic and diamagnetic properties; and the rest were diamagnetic. The saturated magnetization of the most ferromagnetic sample was 15.0 µJ/T, which yielded a magnetically induced displacement force of 90.0 µN when the spatial gradient of the static magnetic field was 6.0 T/m. The force was less than one-third of the gravitational force.
Introduction
The recent increase in usage of cosmetic contact lenses has created a new problem for the magnetic resonance (MR) examination of young patients. Illegal unapproved products can still be easily purchased via the Internet and continue to pose serious health hazards despite designation of cosmetic lenses as medical devices by Japan's Ministry of Health, Labor, and Welfare on February 4, 2009 1 and requirement in the United States since 2009 that lenses be produced only by licensed manufacturers. 2, 3 To address this issue, in 2012, the Japanese Ministry of Health, Labor, and Welfare published "On the Treatment of Contact Lenses," a notice for both manufacturers and consumers. 4 Nevertheless, the number of incidents of eye damage among contact lens wearers has not been effectively decreased, and a study by the Japan Contact Lens Society from July to September 2012 reported that 395 of 1,105 contact lenses wearers studied had an eye disorder, and 2.8% of the 395 had possible vision impairment. 5, 6 Thus, the health hazards posed by cosmetic lenses still need special attention. In addition to daily hazards, there are possible hazards in MR examination, although only a few studies on this topic have been published. 7, 8 Among the various possible interactions between cosmetic lenses and the magnetic fields of MR systems, the most fundamental is the displacement force induced by a static magnetic field.
We undertook the present study to evaluate the magnetization of commercially available cosmetic contact lenses with regard to MR safety. It is difficult to evaluate fully a lightweight specimen with weak magnetization using the F2052-06 technique described by the American Society of Testing and Materials (ASTM). 9 Therefore, we adopted a high precision technique to measure magnetization using a superconducting quantum interference device (SQUID) to evaluate the magnetizations of such lenses and examine the usefulness of a non-ASTM testing technique. 10 In the following, an italic symbol in bold (e.g. "s") denotes a vector and in nonbold (e.g. "s"), a scalar, according to common definitions in electromagnetics. 
Methods
We evaluated the magnetizations of 21 soft hydrophilic cosmetic contact lens samples that included various coloring materials (Fig. 1) , which we purchased online in the same way the general public would purchase lenses. Table 1 lists the product names and primary materials. The base materials of the lenses were hydroxyethyl methacrylate, 2-ethoxyethyl methacrylate, or ethyleneglycol dimethacrylate. Among the coloring materials were titanium oxide, iron oxide, mica, and manganese violet. Manufacturers did not provide information on materials of several samples.
We measured the magnetization of each sample using a magnetic property measurement system Fig. 1 . Samples of the cosmetic contact lenses. See Table 1 for the sample materials and product names. (MPMS, Quantum Design, San Diego, CA, USA) and SQUID technology (Fig. 2a) . 10, 11 Each sample was folded into a small lump with dimensions of several millimeters to be inserted into the secondorder derivative pickup coil (Fig. 2b) , whose sample space was 9 mm in inner diameter. 12 The external magnetic field, B, was applied along the system's z-axis. The field strength was first swept from 0 to +1.0 tesla, then down to ¹1.0T, and then back to +1.0T via 0T to obtain a fully looped magnetization measurement. The steps of the field strength increments and decrements were set from 0.01 to 0.1T according to the rate of change in magnetization. At each field strength, the sample was slowly and mechanically moved from z = ¹z 0 to z = z 0 via z = 0, where z 0 was 15.2 mm. The magnetization of the sample at each spatial position produced a z-dependent magnetic flux in each of the coils at 3 different positions. The SQUID sensed the total magnetic flux,¯s, that penetrated the set of pickup coils connected in series and gave an output voltage, V s , in proportion to¯s. Based on Biot-Savart's Law, the geometrical relationship between the sample and the coils (Fig. 3a) ,¯s was expressed as 11 :
in which ® 0 is the magnetic permeability of the vacuum, s is the magnetic moment of the sample, R is the radius of the coil (9.7 mm), and z is the sample position along the z-direction. The induced voltage is a sum of the reciprocals of the third-order functions of z and forms a curve (Fig. 3b) . We used the least square fitting of this equation to the voltages actually measured along the z-axis to estimate the value of the magnetic moment, s. The measurement time at each magnetic field strength was 80 to 90 s. According to the standard operating procedure of the MPMS, the samples were fully dehydrated before measurements by evacuating the sample space and refilling it with helium gas several times. The sample temperature was maintained at 37°C during the entire magnetization loop measurement.
For some ferromagnetic samples, we measured the magnetically induced displacement force with the procedure specified in ASTM F2052-06. 9 We used a custom-made device to measure the magnetically induced deflection angle at its maximum point in a 1.5T clinical scanner (Sigma Excite Twin Speed, ver.11, GE Healthcare, Milwaukee, WI, USA) (Fig. 4) . The intensity of the displacement force was obtained with 7 :
where m is the sample weight at the time point of the deflection angle measurement, g is the gravitational acceleration (9.8 m/s 2 ), and ¡ is the deflection angle. Note that the deflection angle was measured along the direction of the maximum displacement force and, thus, the saturated moment of the sample. This direction was defined with an azimuth angle, ª (Fig. 4) .
When the displacement force is measured with the sample placed at the height y = 0 (in the z-x plane) in a horizontal magnet with the primary axis of the magnet along the z-direction in the righthanded coordinate system defined in Fig. 4 , the ycomponent of B 0 and the gradient of B 0 along the ydirection can be negligible because of the symmetry in the B 0 distribution. In this situation, the magnetization of a sample will have only the x and z components. With this in mind, we also evaluated the intensity of the magnetically induced force as follows using the saturated moment obtained by the SQUID measurements 10 :
in which s is the saturated magnetic moment. Refer to Appendix 1 for the rationale and derivation of Eq. [3] .
To assess the value of the above equation, we measured the distribution of B 0 around the maximum deflection angle position using a gaussmeter (FW Bell 5180, Pacific Scientific-OECO, Milwaukie, OR, USA) with a transverse Hall-effect probe (FW Bell STD18-0404, Pacific Scientific-OECO). The sample temperature was balanced with the temperature of the magnet room. The ventilation system, equipped with a gantry, was turned off to avoid waving as well as rapid drying of the samples. Figure 5 shows the moment-field curve result for Sample 2. The magnetic moment decreased with the external magnetic field without hysteresis or saturation, indicating that the sample was diamagnetic. Similar properties were observed in 12 samples (1, 2, 3, 6, 9, 10, 12, 13, 14, 16, 18, and 19). Figure 6 shows the result for Sample 11, whose magnetic moment increased with the external magnetic field and with hysteresis and saturation, indicating that the sample was ferromagnetic. The saturated magnetic moment for this particular sample s s Fig. 4 . Experimental setup near the opening bore for the deflection angle measurement based on the method of the American Society of Testing and Materials (ASTM). 9 Definition of the coordinate system, direction of the static magnetic field B 0 (along the z-axis inside the gantry), and direction of the saturated magnetic moment, s, of the sample are depicted. The deflection angle, ¡, measured from the perpendicular line from the origin of the protractor and the azimuth angle (direction angle in the horizontal plane), ª, between the z-axis and the saturated moment are also shown. Note that the height of the sample was adjusted to y = 0 (in the z-x plane) and that the crossing point of the 3 axes was placed at the foot of the perpendicular line. Laser markers equipped with the scanner were used as landmarks to position the instrumentation device. was 3.3 © 10 ¹6 J/T. The ferromagnetism was largest in Sample 17, whose saturated moment was 1.5 © 10 ¹5 J/T (Fig. 7) . Such ferromagnetic curves were observed in 7 samples (5, 7, 11, 15, 17, 20, and 21), the saturated moments of which are compared in Table 2 . The other 2 samples (4 and 8) showed slightly more complex moment-field curves (Fig. 8) . The magnetic moment increased with a slight hysteresis until it became saturated and then decreased with the external magnetic field, indicating that the ferromagnetic and diamagnetic contributions were competing.
Results
We measured the magnetically induced displacement force for 4 ferromagnetic samples (5, 11, 20, and 21) by the ASTM method. Because the product of Sample 17 was out of stock and additional purchase was not possible at the time of the experiment, we did not perform the ASTM measurement for this maximum ferromagnetic sample. We found the maximum magnetic field gradient point near the gantry verge and used it to measure force for these ferromagnetic samples. The weight of each sample changed rapidly during the force measurement due to the dehydration of the base material. The weight was thus measured right before and after the force measurement using a normal electronic balance off The magnetic moment increased with the external magnetic field with hysteresis and saturation, indicating that the sample is ferromagnetic. The saturation magnetic moment was 1.5 © 10 ¹5 J/T, which was the highest value for all samples examined in this study. the scanner, and the weight at the time of force measurement was estimated based on a linear interpolation. Table 2 lists the weight, deflection angle, and magnetically induced displacement force, F m,ASTM , as obtained with Eq. [2] . The magnitude of the magnetic flux density gradient shown in Eq.
[3] was approximately 6.0T/m at the point giving the maximum deflection angle in the ASTM measurements. The estimated value of F m,SQUID , calculated with Eq. [3] , is thus summarized in Table 2 .
Discussion
Because the hazards of soft cosmetic contact lenses for human subjects undergoing MR inspections are not well known, we performed this study as a first step to estimate potential hazards from the viewpoint of magnetic interference between the magnetization of the lenses and the static magnetic field of MR systems. We adopted the SQUID technique to quantify magnetization precisely. To the best of our knowledge, this is the first study to examine these types of magnetic interactions in various cosmetic contact lenses using the SQUID technique.
Magnetization varied greatly among the samples. Seven samples (5, 7, 11, 15, 17, 20 , and 21) exhibited ferromagnetism. Ferromagnetism was greatest in Sample 17, which appeared to contain a silver metal disc around the center of the lens, although the detailed specification of the color material was not disclosed. The saturated magnetism was 1.5 © 10 ¹5 J/T, which would receive 90.0 µN of magnetic displacement force in a clinical scanner, supposing that the gradient of the magnitude of the magnetic flux density of the static field was 6.0 T/ m. The other ferromagnetic samples, for example 5, had ferromagnetism with a relatively smaller saturated magnetic moment, 5.6 © 10 ¹6 J/T, which would receive 33.6 µN of magnetic displacement force in the same magnetic field gradient.
When dehydrated, the samples became feather light, so the deflection angle measurement specified in F2052-06 of the ASTM standard for the magnetically induced displacement force was not useful, and the measurements of both force and weight were performed with incompletely dehydrated samples. This is rather practical because lenses are generally worn in wet conditions on the cornea. The results of the ASTM measurements shown in Table 2 show that the forces calculated with the ASTM approach were consistently smaller than those calculated with the SQUID approach. This can be attributed to the effects of sample shapes and volumes at the maximum gradient positions and to the incomplete magnetic saturations in the samples. With the SQUID method, magnetic field strength was maintained at a constant and homogeneous rate for 80 to 90 s to complete the magnetization of the folded lump of a sample. In the deflection angle measurement, the sample was hung in its natural shape, with a diameter of roughly 10 mm, in the field gradient. Because the sample was expected to be magnetized only in the colored area so that the magnetic moments were not uniformly distributed, the true magnetic force may be different from ««(s0r)B««, as defined by Eq. [3] . There was also a difference in sample temperature. However, this does not explain the underestimation in the ASTM measurement because the sample temperature was lower, and thus the magnetization in the ferromagnetic sample should have been larger in the ASTM measurement than in the SQUID measurement. Moreover, among the results regarding displacement forces, the rank of the magnetically induced forces was not consistent between the SQUID and ASTM methods. The accuracy of angle reading («0.5 degree) on a protractor in the ASTM method may have been a significant source of error, although the method's original purpose is the relative comparison of the displacement and gravity forces. Thus, the standard itself is reasonable. The other reasons for such discrepancy remain unknown and require further investigation. If the substance of the coloring material is obtained with a large amount that is enough to be evaluated in the ASTM measurement technique, direct and fair comparison between the 2 measurement techniques with an identical sample condition would be possible.
Regardless of the differing results using the 2 techniques, the worst value of the magnetic force was 90.0 µN for Sample 17. On the other hand, the gravitational force for this particular sample could be estimated as 290 µN, assuming that the mass was 30 mg. Thus, the magnetic force was less than one-third of the gravitational force. In other words, the deflection angle for this particular sample was expected to be less than 17.2 degrees. Because magnetic forces in horizontal magnet systems would direct horizontally, they would act to slip the lens onto the cornea. Therefore, even in the worst case scenario for the most ferromagnetic sample in this study, from the viewpoint of magnetically induced displacement force, the magnetic force would be sufficiently small and harmless relative to the possible gravitational force that the lens samples may be regarded as safe for the cornea and other tissues of the eye at a field strength of 1.5T. However, individual testing of other lens samples is critical because there may be lenses more ferromagnetic than the samples we used. Moreover, we did not examine magnetically induced torque, heat levels, and other hazards, so other possible hazards require careful investigation.
Conclusion
The measurements of magnetization obtained using the SQUID approach seemed valuable for lightweight samples with small levels of magnetization. Although we found the most ferromagnetic lenses to be safe with regard to magnetically induced force, subjects undergoing MR examination should still remove the lenses to avoid other such possible hazards as heating caused by the interaction between the ferromagnetic, paramagnetic, or electrically conductive materials on the lenses. Careful attention should be paid to these issues. Note that a symbol ¬ ¬ is used for a norm of a vector. The ASTM F2052-06 requires the measurement of "«rB«", which corresponds with ¬rB 0 ¬ in the terminology here. However, the definition of rB is not clear in the standard. If it is a divergence of a magnetic flux density vector, it is regarded to be zero in classic electromagnetics. In Eq.
[A6], the physically meaningful value relevant to the magnetically induced displacement force is the second factor in the brackets. We therefore defined and measured the value of the following equation and used it in calculating the displacement force:
Substituting the above expression of ¬rB 0 ¬ into Eq.
[A6] gives Eq. [3] .
